Objectives We performed this study to determine the optimal intravascular ultrasound (IVUS) criteria and to evaluate their accuracy for defining the functional significance of intermediate coronary stenoses in different locations of the coronary tree.
The presence of myocardial ischemia is the most important prognostic factor in patients with coronary artery disease (1) . The degree of stenosis seen on coronary angiography is considered the gold standard by which to assess the severity of coronary artery disease. However, in patients with intermediate stenosis, angiographic assessment does not accurately predict the functional significance of a lesion and is reported to have high inter-and intraindividual variability (2) (3) (4) (5) . Noninvasive functional tests can be helpful, but it is still difficult to find the culprit lesion in patients with multiple lesions or multivessel disease (6) .
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Moreover, about half of patients that undergo coronary angiography do so without having a noninvasive functional test (7) . Therefore, invasive assessment for these lesions is needed in a cardiac catheterization laboratory.
The 2 most frequently used invasive methods for coronary artery stenosis assessment are intravascular ultrasound (IVUS) and fractional flow reserve (FFR). IVUS can provide accurate anatomical information, whereas FFR assesses the functional or physiological significance of a lesion. Previous studies have shown that there was a good correlation between FFR and minimum lumen area by IVUS. In proximal lesions, IVUS criteria such as lumen area of 3 to 4 mm 2 and/or percent area stenosis of 70% to 80% are reported to accurately predict the functional significance of intermediate coronary stenoses (8) (9) (10) .
Functional significance of a coronary stenosis is determined by both the severity of a stenosis and the amount of myocardium supplied. Therefore, when the functional significance of a lesion is assessed by lumen area measured by IVUS, different criteria should be applied according to lesion location and anatomical variations of the coronary artery. However, previous studies included only patients with proximal lesions or small vessel disease, and the sample sizes were too small to assess these differences. Therefore, we performed this study to determine the optimal IVUS criteria and to evaluate their accuracy for defining the functional significance of intermediate coronary stenoses in different locations of the coronary tree.
Methods
Patient population. This study was a multicenter, prospective registry conducted in 4 Korean centers. Patients who underwent elective coronary angiography and had 30% to 70% de novo stenosis by visual estimation at the proximal or mid part of 3 major epicardial coronary arteries with available IVUS and FFR were consecutively enrolled. Patients were excluded if any of the following were present: acute ST-segment elevation myocardial infarction, regional wall motion abnormalities of a target vessel segment, additional stenosis (Ͼ30% by visual estimation) in the same vessel, left ventricular ejection fraction Ͻ40%, primary myocardial or valvular disease, contraindication to adenosine, left main coronary artery stenosis, presence of collateral vessels, or angiographically visible thrombus at a target lesion. In patients with acute coronary syndrome and previous myocardial infarction, only the nonculprit artery was tested. The study protocol was approved by the institutional review board at each participating center, and all patients provided written informed consent. Study procedure. The target vessel was engaged using a guiding catheter of 5-to 7-F. Angiographic images were acquired after intracoronary administration of 100 to 200 g of nitroglycerin. FFR was measured using a 0.014-inch pressure guide wire (PressureWire, Radi Medical Systems, Uppsala, Sweden) as previously described (11) . Hyperemia was induced with an intracoronary bolus administration (80 g in the left coronary artery, 40 g in the right coronary artery), intracoronary (240 g/min) or intravenous continuous infusion (140 g/kg/min) of adenosine (12) (13) (14) . Lesions with FFR Ͻ0.8 were considered functionally significant. IVUS was performed in a standard fashion using an automated motorized pullback system (0.5 mm/s) with commercially available imaging catheters (Boston Scientific/ SCIMED, Minneapolis, Minnesota, or Volcano Corporation, Rancho Cordova, California). Intracoronary nitroglycerin (100 to 200 g) was administered before the IVUS run or FFR measurement. The decision to treat the target lesion was left to the operator's discretion after IVUS and FFR measurement. Quantitative coronary angiography and IVUS analysis. Both quantitative coronary angiography (QCA) and IVUS analysis were performed by an independent core laboratory at Seoul National University Cardiovascular Center. QCA was performed by a single experienced observer, who was blinded to the FFR value and IVUS findings. Using the guiding catheter for calibration and an edge detection system (CAAS 5.7 QCA system, Pie Medical, Maastricht, the Netherlands), the reference diameters, minimum lumen diameter and lesion length were measured, and the percentage diameter stenosis was calculated. Lesion location was determined according to the American Heart Association classification (15) . Minor modification was made to reflect the amount of myocardium supplied by the target coronary segment. Proximal left anterior descending coronary artery (LAD) was defined as the segment between the branching point of the left main stem and the first major branch (septal or diagonal branch). Mid- LAD was defined as one-half the distance from the first septal/ diagonal branch to the apex of the heart and was divided into mid-1 and mid-2 LAD according to the location of a second diagonal branch. When mid-LAD lesions were located distal to a second diagonal branch, it was classified as mid-2 LAD lesions. Mid-left circumflex coronary artery (LCX) was defined as the segment between the first and second obtuse marginal branches.
IVUS analysis was performed by 2 independent observers blinded to the FFR and QCA information. Quantitative analyses were performed using computerized planimetry software (echoPlaque, Indec Systems Inc., Santa Clara, California) as previously described (16) . Minimum lumen area was measured at the narrowest luminal cross section and the reference area at the most normal looking cross section within 10 mm of the lesion without an intervening side branch. Percent plaque burden was calculated as: 100 ϫ (external elastic membrane area Ϫ lumen area)/external elastic membrane area. The vessel remodeling index was defined as the ratio of the vessel area at the site of minimum lumen area and that of reference site. Remodeling was categorized as positive when the remodeling index was Ͼ1.05 and negative when it was Ͻ0.95. Statistical analysis. Data are presented as mean Ϯ SD for continuous variables and frequency for categorical variables. Comparison of continuous variables was performed using the Student t test. Analysis of discrete variables was performed using the chi-square test. Binary logistic regression analysis was performed to find the determinants of functionally significant coronary artery stenosis (FFR Ͻ0.8).
Receiver-operator characteristic curve analysis was used to examine the angiographic and IVUS parameters as a predictor of the functional significance of a lesion (FFR Ͻ0.8). The resulting sensitivity and specificity were calculated. The best cutoff value (BCV) was determined by the maximum sum of sensitivity and specificity. The difference in % diameter stenosis and lesion length among the lesions of different location was assessed by ANOVA test. Differences between the groups were analyzed using the Student t test with the Bonferroni correction. All statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, North Carolina), and a p value of Ͻ0.05 was considered statistically significant.
Results
Between March 2008 and May 2010, 300 patients with 315 lesions were enrolled. Forty-eight patients were excluded due to multiple lesions in the target vessel (n ϭ 14), distal lesions (n ϭ 16), collateral feeders (n ϭ 5), or poor IVUS images (n ϭ 13). Therefore, 267 lesions in 252 patients were finally included in this study.
Baseline clinical, angiographic, and IVUS characteristics are shown in Tables 1 and 2 . FFR was Ͻ0.8 in 88 lesions (33%). There was no difference in baseline clinical characteristics between patients with FFR Ͻ0.8 or not. Lesions with FFR Ͻ0.8 had less lumen diameter/area and more plaque, and were located more often in proximal segments and the LAD than those lesions without functional significance. FFR versus angiographic and IVUS parameters. There was a positive correlation between FFR and minimum lumen diameter/lumen area, and a negative correlation between FFR and percent diameter stenosis/percent plaque burden (Fig. 1) . BCV to predict the functional significance was 1.5 mm for angiographic minimum lumen diameter and 50% for percent diameter stenosis. The BCV of IVUS parameters were minimum lumen area of 2.75 mm 2 (sensitivity: 69%, specificity: 65%) and percent plaque burden of 75% (sensitivity: 64%, specificity: 64%). The determinants of functionally significant stenosis were minimum lumen area and lesion location ( Table 3 ). The size of a vessel was not a determinant of FFR. Values are mean Ϯ SD or n (%). *Comparison between fractional flow reserve (FFR) Ͻ0.8 versus FFR Ն0.8. Influence of lesion location on the relation between FFR and minimum lumen area. The percentage of functionally significant stenosis was different in a different coronary artery segment (Fig. 2) . Even though the angiographic percent diameter and lesion length were not different compared with other segments, the incidence of functionally significant stenosis was lowest in right coronary artery (RCA) lesions. Receiver-operator characteristic curve analysis was performed to assess the diagnostic accuracy of minimum lumen area for the prediction of functional significance in lesions of different locations (Table 4) . Sensitivity, specificity, and positive and negative predictive values of minimum lumen areas at a different location were shown in Figure 3 Appropriate minimum lumen area to predict the functional significance could not be found in LCX and mid-2 LAD lesions. In the mid-2 LAD segment, lesions located proximal to the last diagonal branch (n ϭ 20) had a BCV of 2.3 mm 2 . Its sensitivity and specificity were 93% and 87%, respectively. When the lesions were located distal to the last diagonal branch (n ϭ 29), no appropriate anatomic criteria were found, and only 1 out of 14 lesions with minimum lumen area Ͻ2 mm 2 had FFR Ͻ0.8.
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Influence of a vessel size on the relation between FFR and minimum lumen area. When the lesions were divided according to a reference diameter of 3.0 mm, 31.8% (50 of 157) of large vessel lesions and 34.5% (38 of 110) of small vessel lesions had functional significance. When the relationship between IVUS and FFR was analyzed according to vessel size, BCV in large vessels was 3.0 mm 2 (AUC: 0.70, 95% CI: 0.61 to 0.76) and its sensitivity was 76% and specificity, 62% (Fig. 4) . BCV in small vessel was 2.5 mm 2 (AUC: 0.61, 95% CI: 0.52 to 0.71) and its sensitivity was 61% and specificity, 63%. Positive predictive values of BCV in large and small vessels were 48% and 46%, respectively. The sensitivity, specificity, and positive and negative predictive values of the criteria of lumen area Ͻ3 mm 2 and percent plaque burden Ͼ75% were 58%, 75%, 52%, and 79%, respectively.
Discussion
The present study revealed that: 1) different IVUS criteria should be applied to discriminate the functional significance of lesions in different locations; and 2) the diagnostic accuracy of IVUS criteria could be variable according to lesion location and anatomic variation of the coronary artery. There was a positive correlation between fractional flow reserve (FFR) and minimum lumen diameter (A)/minimum lumen area (B), and a negative correlation between FFR and percent diameter stenosis (C)/percent plaque burden (D). The best cutoff value (BCV) to predict the functional significance was 50% for angiographic percent diameter stenosis and 2.75 mm 2 for minimum lumen area by intravascular ultrasound. SN ϭ sensitivity; SP ϭ specificity.
The most commonly used invasive tools to evaluate intermediate coronary stenoses are IVUS and FFR. FFR is a physiological parameter that can discriminate the presence of myocardial ischemia. Outcomes of FFR-guided treatment in intermediate stenoses are reported to be favorable (17) (18) (19) . Even though IVUS provides anatomic information, previous studies revealed that a lumen area cutoff value of 3 to 4 mm 2 can accurately assess the physiological significance of lesions located at the proximal part of major coronary arteries (8 -10) . However, as the presence of myocardial ischemia is determined by both the lesion severity and the amount of myocardium supplied, physiological significance of a minimum lumen area by IVUS should be different according to lesion location or the amount of myocardium supplied. For example, in a study by Jasti et al. (20) , the optimal IVUS lumen area in left main coronary artery stenosis was 5.9 mm 2 . Moreover, as the bifurcating structure of the coronary artery follows the law of flow conservation (21) , there cannot be a single IVUS cutoff point for the functional significance of stenoses in different locations. In our study, the determinants of functional significance of a lesion were lesion severity (minimum lumen area) and lesion location.
Previous studies could not provide adequate IVUS criteria for the functional significance of lesions in different locations because early studies included only proximal lesions (8 -10) , and 2 recent studies (PHANTOM [Physiologic and Anatomical Evaluation Prior to and After Stent Implantation in Small Coronary Vessels] and IDEAS [Intravascular Ultrasound Diagnostic Evaluation of Atherosclerosis in Singapore] trials) (22, 23) included only small vessels. In our study, when all lesions were analyzed together, the BCV of minimum lumen area and percent plaque burden were 2.75 mm 2 and 75%, respectively. When lesions were divided according to their reference diameter, large vessels (Ն3 mm) had a BCV of 3.0 mm 2 , and small vessels, 2.5 mm 2 . However, the diagnostic accuracy was relatively low, and the positive predictive value was Ͻ50% for all these values. In the IDEAS study (23) , investigators compared IVUS parameters and FFR in small vessel lesions Other included variables: reference vessel diameter (Ն3.0 mm), diagnosis, multivessel disease, angiographic lesion length (Ն20 mm), percent plaque burden, left ventricular ejection fraction, history of previous myocardial infarction, method of adenosine administration, remodeling index.
CI ϭ confidence interval; OR ϭ odds ratio; other abbreviations as in Table 2 .
Figure 2. Percentage of Functionally Significant Stenosis in Each Coronary Artery Segment
The percentage of functionally significant stenosis was different in a different coronary artery segment. Even though the angiographic percent diameter and lesion length were not different compared with other segments, the incidence of functionally significant stenosis was lowest in right coronary artery lesions. LAD ϭ left anterior descending coronary artery; LCX ϭ left circumflex coronary artery; RCA ϭ right coronary artery. Tables 2 and 3 . and proposed IVUS criteria for functionally significant stenosis. However, 59% of the lesions were located at proximal segments in this study despite the fact that all lesions had a reference diameter Ͻ3.0 mm. In our study, only 6% of lesions with a reference diameter Ͻ3.0 mm were located at proximal segments (proximal LAD: 10 cases, The BCV in large (A) and small (B) vessels were 3.0 mm 2 and 2.5 mm proximal LCX: 6 cases). In another study, which compared the anatomical parameters and FFR in lesions located at small vessels (Ͻ2.8 mm), most lesions (92%) were located at nonproximal segments, and there was no correlation between any IVUS parameters and FFR (22) . Therefore, it seems to be more appropriate to propose different IVUS criteria according to the lesion location rather than the size of a vessel. In our study, the diagnostic accuracy of the lumen area was variable according to the location of lesions. This variability seems to reflect the anatomic variation of coronary arteries. Diagnostic accuracy was higher in lesions at the proximal LAD, which usually has fewer anatomic variations. However, diagnostic accuracy was lower in segments with relatively higher anatomic variations. When all mid-LAD lesions were analyzed together, diagnostic accuracy was fair, but the positive predictive value of a BCV (2.5 mm 2 ) was only 48%. The diagnostic accuracy of the minimum lumen area became better after the mid-LAD lesions were divided according to the location of diagonal branches, which reflects the difference in the amount of myocardium supplied. Diagnostic accuracy was fair in mid-LAD lesions located before the second diagonal branch. In mid-2 LAD lesions, appropriate IVUS criteria could be found only in lesions proximal to the last diagonal branch. In LCX and RCA lesions, appropriate anatomic values to predict the functional significance were difficult to find due to variability in the bifurcating structure of coronary trees and in dominance between the LCX and RCA. In our study, even though the angiographic percent diameter was not different compared with other segments, the incidence of functionally significant stenosis was lowest in RCA lesions.
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Because this study was not designed to evaluate the outcomes of FFR-guided versus IVUS-guided revascularization strategies, the discrepancy between anatomic and physiological parameters cannot be regarded as evidence of superiority of FFR over IVUS in patients with intermediate stenosis. However, this study demonstrated that when IVUS is used to assess the functional significance of intermediate lesions, the operators should consider the lesion location and the amount of myocardium supplied by the target segment as well as the minimum lumen area. This consideration may translate into a more accurate physiological assessment of these lesions, with a concomitant reduction in unnecessary revascularizations. Study limitations. First, although the number of patients was larger than previous studies, the number of LCX lesions in our study was relatively small. Second, even though intracoronary nitrate was given before each IVUS run, the possibility of catheter-induced spasm in distal lesions or small vessel lesions could not be completely excluded. Third, when the LAD lesions were classified, septal branches were not considered except for the proximal LAD. Because the size and location of septal branches were so variable, it was hard to set the valid segmentation according to the location of a septal branch. Fourth, the cutoff points of minimum lumen diameter suggested in our study cannot be applied to lesions with multiple stenoses. FFR or the functional significance of a lesion is determined by total atherosclerotic burden in a target vessel. Fifth, various methods of adenosine administration were allowed in our study. Because some reports suggested that the hyperemic efficacy of bolus administration of adenosine was less than that of other methods (14, 24) , there is a possibility of underestimating lesion severity by FFR. Sixth, because this study was done in Korean patients, the numbers proposed in this study may be different in a Western population. Finally, clinical outcomes could not be evaluated in this study. The outcomes of FFR-guided versus IVUS-guided revascularization strategy need to be evaluated in future randomized trials.
